We review here those malformations of the cerebral cortex which are most often observed in epilepsy patients, for which a genetic basis has been elucidated or is suspected and give indications for genetic testing.
INTRODUCTION
Major progress has been made in the diagnostic recognition of malformations of the cerebral cortex or of cortical development 1 , especially through the use of magnetic resonance imaging (MRI). Variations in distribution and depth of cortical sulci, cortical thickness, boundaries between gray and white matter, and signal intensity allow recognition of different malformation patterns.
Abnormal cortical development represents a major cause of epilepsy 2 . More severe malformations manifest with profound developmental delay and early onset seizures, with consequent reproductive disadvantage. Mild malformations may be detected after seizure onset at various ages in otherwise healthy individuals.
Some malformations have a clear pattern of inheritance, while others are almost exclusively sporadic. Collection of large series of homogenous clinical and imaging observations, as well as neuropathological studies 3 have helped establish nosological subdivisions 1 . Linkage studies and candidate gene approaches have led to the identification of several genes which regulate brain development 4 . In the following sections, we will review those malformations of the cerebral cortex for which a genetic basis has been elucidated or is suspected, the types of epilepsy they can present with and the indications for genetic testing.
LISSENCEPHALY AND SUBCORTICAL BAND HETEROTOPIA (THE AGYRIA-PACHYGYRIA-BAND SPECTRUM)
The malformative spectrum Lissencephaly (smooth brain) is a severe abnormality of neuronal migration characterized by absent (agyria) or decreased (pachygyria) convolutions, producing a smooth cerebral surface with thickened cortex (Figs 1(a) and 1(b)) 3, 5 . Although there are several types of lissencephaly 6 we will refer here to the most frequent and best characterized forms: lissencephaly caused by mutations of the LIS1 gene 7 and lissencephaly caused by mutations of the XLIS (or DCX) gene 8, 9 . Subcortical band heterotopia (SBH) comprises the mild end of this group of malformations, which may accordingly be called the agyriapachygyria-band spectrum 10 . In SBH, the gyral pattern is usually simplified with broad convolutions and slightly increased cortical thickness; but may be normal in some patients. Just beneath the cortical ribbon, a thin band of white matter separates the cortex from a heterotopic band of gray matter of variable thickness and extension 11 (Figs 1(c) and 1 (d) ). In general, the thicker the heterotopic band, the higher the chances of finding a pachygyric cortical surface 12 . XLIS lissencephaly and SBH can be observed in different individuals from the same family 13, 14 . Pathological studies of both lissencephaly and SBH demonstrate incomplete neuronal migration 3, 15 .
Several malformation syndromes associated with classical lissencephaly have been described. The best known of these is Miller-Dieker syndrome (MDS), which is caused by large deletions of the LIS1 gene, mapping to chromosome 17p13.3, and contiguous genes 16 . The most frequent form, the X-linked dominant lissencephaly and SBH, consists of classical lissencephaly in hemizygous males and SBH in heterozygous females. The DCX gene is located on chromosome Xq22.3-q24 8, 9, 17, 18 . Mutations of the coding region of DCX were found in all reported pedigrees 14 and in 38 to 91% of sporadic female patients 11 . In general while all women with DCX mutations have anteriorly predominant band/pachygyria, about 25% of those with anterior band and all those with posteriorly predominant band or with unilateral band have shown no DCX mutations, suggesting that other loci or somatic mosaicism may be responsible for these variable phenotypes 11, 19 . Maternal germline or mosaic-DCX mutations may occur in about 10% of cases of either BH or XLIS 19 . BH in rare affected boys has been associated with missense mutations of DCX or LIS1 20 .
Approximately, 65% of patients with ILS show a mutation involving the LIS1 gene. Among all the patients with ILS, 40% exhibit a deletion involving the entire gene 21 , and 25% show an intragenic mutation (roughly, 4% gross rearrangement, 17% deletion/truncating mutations, 4% missense mutations) 22 . In general, in patients with missense mutations the malformation is milder (lissencephaly grade 3 through grade 6, according to the 'Lissencephaly grading system', where grade 1 is the most severe) 23 than in patients with truncating/deletion mutations 22 .
Children with XLIS mutations have anteriorly predominant lissencephaly ( Fig. 1(b) ) and children with LIS1 mutations have posteriorly predominant lissencephaly ( Fig. 1(a) ) 21 . This anatomic difference is usually clearcut 24 and of great importance in guiding genetic testing (See below).
The clinical syndromes and epileptic spectrum
Classical lissencephaly is quite rare with a prevalence of 11.7 per million births 25 . Affected children have early developmental delay and eventual profound mental retardation and spastic quadriparesis. Some children with lissencephaly have lived more than 20 years, but life span may be much shorter in other patients. Seizures occur in over 90% of children, with onset before 6 months in about 75%. About 80% of children have infantile spasms, although the EEG may not show typical hypsarrhythmia. After the first months of life, most children have mixed seizure disorders including persisting spasms, focal motor and generalized tonic seizures [26] [27] [28] [29] , complex partial seizures, atypical absences, atonic and myoclonic seizures. Most children with lissencephaly have characteristic EEG changes, including diffuse high amplitude fast rhythms 30 which are considered to be highly specific for this malformation 31 .
The main clinical manifestations of SBH are mental retardation and epilepsy. Cognitive level ranges from normal to severely retarded, and correlates with MRI parameters, above all band thickness and severity of pachygyria 12 . Patients with pachygyria have significantly earlier seizure onset. The more severe the pachygyria and the thicker the heterotopic band, the higher the chances of developing LennoxGastaut syndrome or some other generalized symptomatic epilepsy form. Very early seizure onset is uncommon. About 90% of patients with SBH have epilepsy 12, 28, [32] [33] [34] [35] [36] which is generalized in about 50%. Overall, 65% of the patients studied had intractable seizures. Using depth electrodes, Morrell et al., 37 demonstrated that epileptiform activity may originate directly from the heterotopic neurons, independently of the activity of the overlying cortex. Persistent seizures causing drop attacks have been treated with callosotomy in a few patients 33, 36 with worthwhile improvement. On the other hand, focal resections and multiple subpial transections yielded poor results in a multicenter series 38 .
Laboratory investigations
Chromosome analysis. A standard blood chromosome analysis (400-550 bands resolution) is warranted in all patients with classical lissencephaly. Three cases have been reported of patients with classical lissencephaly due to a chromosomal reciprocal translocation [39] [40] [41] . About 60% of patients with MDS show a cytogenetically visibile deletion, and a few of them show a different chromosome rearrangement (translocation, ring chromosome).
FISH. Fluorescent in situ hybridization with commercial probes containing the LIS1 gene is required in all patients in whom a chromosome 17 lissencephaly is suspected on the basis of the appearance of the MRI scan, especially when a more severe lissencephaly in seen in the posterior brain regions 24 . About 40% of patients with ILS show a deletion at 17p13.3. Since these deletions are not observed under a standard chromosome banding analysis, they are referred to as 'submicroscopic'. A submicroscopic deletion is detected in MDS patients with normal chromosome analysis.
LIS1 gene sequencing and southern blot analysis.
The analysis consists of the direct sequencing of the LIS1 gene, following the PCR amplification of the entire coding region. About 25% of patients with classical lissencephaly show an intragenic mutation of LIS1. Gene sequencing is not 100% sensitive, since the promoter and the transcription regulatory regions of the gene are not routinely investigated, and a mutation in these regions could be missed. The Southern blot analysis reveals gross rearrangements of the LIS1 gene, which can be detected in about 4% of patients.
DCX gene sequencing. This analysis is indicated in male individuals with classical lissencephaly in whom an X-linked pattern of inheritance is suspected, on the basis of either pedigree analysis or MRI evidence of a more severe malformation in the frontal brain regions 24 . Both female and male patients with SBH should be tested for DCX mutations whenever a genetic counselling is advisable. This analysis is performed on the coding exons of the DCX gene and although, similarly to the LIS1 gene sequencing, it does not detect all the potential causing disease mutations, it has a high yield 42 .
Laboratory testing strategy
In patients with classical lissencephaly, the cytogenetic and molecular investigations are part of the diagnostic process, which relies, in addition, on the pedigree analysis, the experience of the examiner of brain MRI, and the syndromic evaluation of the child, which might rule out a known syndrome.
When MDS is suspected, a standard chromosome analysis and FISH assay on 17p13.3 are indicated. If both tests are normal, the patient is very likely not to be affected with MDS. When non-syndromic isolated lissencephaly is diagnosed, careful assessment of the antero-posterior gradient of gyral pattern abnormality and cortical thickness, will be suggestive of the involvement of either the LIS1 or the DCX gene. When lissencephaly is more severe posteriorly, it is worth performing the chromosome analysis with a FISH assay on 17p13.3. If a deletion is not found, LIS1 gene sequencing and the southern blot analysis should be performed consequently.
In male patients in whom MRI shows more severe lissencephaly in the frontal lobes, sequencing of the DCX gene is indicated.
Mutations in the LIS1 and in the DCX gene have been reported in patients with SBH. The pedigree analysis and assessment of the distribution of the heterotopic band and areas of pachygyria are helpful to predict DCX involvement vs. the rare cases due to LIS1 mutations. DCX mutations should be searched for by direct sequencing.
Mutation analysis with direct sequencing of the relevant exons is also indicated in the mothers of patients harbouring a DCX mutation, or other potential female carriers in the family who are in reproductive age. Normal brain MRI scan does not exclude DCX mutations in female carriers 43 .
Genetic counselling
Miller-Dieker syndrome. About 80% of MDS patients have a de novo deletion, and 20% have inherited a deletion from a parent who carries a balanced chromosome rearrangement. For this reason a karyotype and FISH assay should be obtained from both parents of children with MDS. If the mutation event is 'de novo', the recurrence risk is low (about 1%). If one of the parents is a carrier of a chromosomal imbalance, the recurrence risk will be calculated accordingly.
LIS1 lissencephaly. All reported mutations in the LIS1 gene (deletion, intragenic, submicroscopic) are 'de novo'. Nevertheless, if a LIS1 mutation is found, it is correct to perform the mutation analysis on both parents. Given the theoretical risk of germline mosaicism in either parent (which has been demonstrated for other diseases but never for LIS1 lissencephaly) a couple with a child with chromosome 17 lissencephaly is usually given a 1% recurrence risk in the offspring.
XLIS lissencephaly. When a mutation in the DCX gene is found in a boy with lissencephaly, mutation analysis of DCX should be extended to the proband's mother, even if her brain MRI scan is normal 43 . If the mother is a mutation carrier, the mutation will be transmitted according to the mendelian inheritance. If the mother is not a carrier, she is at risk to be a germline mosaic 19 , and the risk of transmitting the mutation to her offspring might roughly be estimated around 5%. For this reason, a prenatal diagnosis might be indicated in every pregnancy of a woman who has a child with a DCX mutation.
Classical lissencephaly without a detected mutation.
If a mutation is not found in the LIS1 or DCX gene, the anteroposterior lissencephaly gradient detected on MRI might still be helpful in distinguishing the X linked vs. the 17 linked forms, and can be used in the counselling session with the parents of a patient with classical lissencephaly.
AUTOSOMAL RECESSIVE LISSENCEPHALY WITH CEREBELLAR HYPOPLASIA
Mutations in the reelin gene are responsible for the reeler mouse mutant, characterized by impaired motor coordination, tremors and ataxia. A recent report 44 , described two recessive pedigrees with three affected sibs each, showing moderately severe pachygyria and severe cerebellar hypoplasia. Affected children in one family had congenital lymphoedema, hypotonia, severe developmental delay and generalized seizures which were controlled by drugs. Severe hypotonia, delay and seizures were reported also in the other pedigree. A splice acceptor site mutation and a deletion of exon 42 in the reelin gene (approved gene symbol RELN) were reported for these families, respectively.
Mutations in the reelin gene can be searched for in selected research laboratories.
BILATERAL PERIVENTRICULAR NODULAR HETEROTOPIA The malformation
The term 'heterotopia' designates agglomerates of morphologically normal neurons in an abnormal site. These neurons may assemble in a pattern suggestive of laminar organization 15 . Collection of heterotopic neurons can be unilateral or bilateral, diffuse or localized, subependimal or subcortical, or may extend from the subependymal region to the subcortex. Heterotopia can readily be diagnosed with MRI, showing the same signal as the normal cortex at every impulse sequence. On FDG-PET imaging, heterotopia has the same metabolic activity as normal gray matter 45 . Seizure activity may originate both within the heterotopic cortex and the overlying cerebral cortex 46 .
Bilateral periventricular nodular heterotopia (BPNH) consists of confluent and symmetric subependymal nodules of gray matter located along the lateral ventricles, particularly along the ventricular body ( Fig. 1(e) ). Extent of the heterotopia and severity of associated clinical symptoms is variable.
Genetic basis
BPNH is far more frequent in females, resulting in the syndrome of classical X-linked BPNH with prenatal lethality in males 10 and a 50% recurrence risk in the female offspring of women with BPNH. X-linked BPNH and BPNH occurring in sporadic women has been associated with mutations of the filamin A (FLNA) gene (approved gene symbol FLNA, also indicated as FLN1, and ABP-280) 47 .
FLNA was originally cloned by Gorlin et al. 48 and indicated as actin-binding protein 280 48 . FLNA maps to Xq28 49 , it is composed of 48 exons, and spans a 26 kb genomic region 47 . FLNA is a 280 kDa protein, with three major functional domains 48 , allowing the homodimerization of FLNA and the heterodimerization of FLNA with actin and membrane receptors.
Classical BPNH in an X-linked dominant disorder. The disease was mapped to Xq28 by linkage analysis, and FLNA was demonstrated to be the BPNH gene by the finding of loss-of-function mutations in affected families and sporadic patients 47 . FLNA mutations have been reported in five out of six BPNH pedigrees (83%), and in six of 31 sporadic females with BPNH (19%). Recently FLNA mutations have also been reported in 2/24 males with BPNH (9%), indicating that mutations in the hemizygous male are not invariably associated with death during the fetal or early neonatal period 50 .
The clinical syndromes
Heterozygous females with classical BPNH linked to FLNA mutations, show epilepsy and coagulopathy. They usually have normal intelligence to borderline mental retardation. Epilepsy has variable severity. Several syndromes featuring BPNH and mental retardation have been described always occurring sporadically, almost exclusively in boys [51] [52] [53] . One boy with the syndrome of BPNH with severe mental retardation and syndactily 51 was found to harbour a duplication of Xq28 54 . In this case, a gene dosage imbalance was felt to be responsible for the disease 47 . BPNH with frontonasal dysplasia (FND) and mild mental retardation has been described in two boys 52 and a girl 53 showing similar severity. This syndrome could therefore be recessive and unrelated to FLNA mutations. Mutation screening of the FLNA gene in the two boys with BPNH/FND was negative (Moro, Carrozzo and Guerrini, unpublished data).
About 88% of patients with periventricular and subcortical nodular heterotopia have epilepsy 55 beginning at any age between the first months of life and adulthood. Seizure intractability is observed in most patients (82%). However, it is not yet known whether classical BPNH is accompanied by a homogeneous epilepsy phenotype.
Laboratory testing and genetic counselling
In front of a patient with BPNH, the laboratory tests are part of the diagnostic tools, along with the dysmorphologic and neurological examination. The FLNA gene can be screened for mutations through SSCP analysis, with the highest chance of finding a mutation in familial cases. This analysis can be performed in selected research laboratories. FISH analysis with probes containing the FLNA gene might be indicated in BPNH associated with multiple congenital abnormalities/mental retardation syndromes, to rule out a duplication at Xq28.
The genetic counselling will be relatively easy in familial cases with an X-liked pattern of inheritance, when a FLNA mutation is found. The recurrence risk in isolated cases appears to be low when the mother of the affected individual is not a carrier of the mutation, since germline mosaicism of FLNA has never been reported in BPNH. However, BPNH may also be inherited as an autosomal recessive trait, as strongly suggested by pedegrees where affected siblings of both sexes were born from consanguineous parents (Sébire and Guerrini, unpublished data). Recessive BPNH appears to be more severe than classical Xlinked BPNH.
TUBEROUS SCLEROSIS The malformation
Tuberous sclerosis (TS) or tuberous sclerosis complex (TSC) is a multi-systemic disorder involving primarily the central nervous system, the skin, and the kidney 56 . A prevalence of 1:30000-50000 has been reported.
In the brain, the characteristic features are cortical tubers, subependymal nodules and giant cell tumors. The cortical tubers are the lesions that are more directly related to epileptogenesis. They are identified by their nodular appearance, firm texture, and variability in site, number and size. Microscopically, the tubers consist of subpial glial proliferation with orientation of the glial processes perpendicular to the pial surface, and an irregular neuronal lamination with giant multinucleated cells that are not clearly neuronal or astrocytic. These pathologic changes are similar to those seen in focal cortical dysplasia 57, 58 , a highly epileptogenic lesion without familial distribution. Cortical tubers are usually well visualized by MRI scan as enlarged gyri with atypical shape and an abnormal signal intensity, mainly involving the subcortical white matter 59 . In the newborn they are hyperintense with respect to the surrounding white matter, on T1 weighted images and hyperintense on T2 weighted images. Progressive myelination of the white matter in the older infant gives the tubers an hypointense center on T1 and high signal intensity on T2 (Fig. 1(f) ). In the adult the lesions tend to become isointense with the white matter on T1 weighted images but maintain hyperintensity on T2. Tubers may have a tendency to calcify, which increases with age. The MRI appearance of cortical tubers and of focal cortical dysplasia are sometimes similar, but tubers are usually multiple while focal cortical dysplasia is always an isolated lesion.
The epileptic spectrum
Epileptic seizures are frequent in TS. They usually begin before the age of 15, mostly in the first 2 years of life: 63.4% before 1 year 56 , 70% before 2 years. Infantile spasms are the most common manifestation of epilepsy in the first year of life, sometimes preceded by partial seizures 60 . In their study of 126 patients 61 , found 63 (50%) with infantile spasms and 63 (50%) with other types of epilepsy [35 partial, 11 LennoxGastaut syndrome, four symptomatic generalized, six occasional seizures and seven unclassifiable). Fortytwo of the latter 63 patients had their first seizure before 2 years and the prognosis was strongly related to this early onset. Almost all patients were cognitively impaired and the course of epilepsy was severe in about one third. MRI studies have established that there may be a correlation between tubers and epilepsy. In children with partial epilepsy or with infantile spasms the largest tuber was found in the area corresponding to the main EEG focus 62 . However, MRI may fail to show all the tubers in infants if myelination is not complete 63 . Patients with TS must be carefully investigated in order to determine whether there is a single epileptogenic area in that its surgical removal can yield good control of seizures 64, 65 . The number and size of tubers seems to be correlated with the severity of epilepsy and of mental disturbances 66 .
Genetic basis and genetic testing
TSC is transmitted as an autosomal dominant trait, with variable expression seen among families and reported among patients within the same family. Recurrence in sibship of non-affected parents has rarely been reported and is thought to be related to low expressivity or gonadal mosaicism. There is no clear evidence of non-penetrance for TSC. Therefore careful clinical and diagnostic evaluation of apparently unaffected parents is indicated before counselling the families. Between 50 to 75% of all cases are sporadic.
Linkage studies have allowed the identification of two loci for TSC, mapping to chromosome 9q34 (TSC1) and 16p13.3 (TSC2) 67 . About 50% of the families are linked to TSC1 68 . A classical positional cloning approach has led to the isolation of the TSC1 gene 69 named 'hamartin'. A mutation in the TSC1 gene has so far been identified in about 80% of the families linked to chromosome 9q34 70 . The predicted amino acid sequence does not show an overt homology to other known proteins. The identification of the gene mapping to 16p13.3 has been facilitated by the identification of interstitial deletions in five unrelated TSC patients. A gene (TSC2) was found to be disrupted by all the deletions and was demonstrated to harbor intragenic mutations in other non-deleted TSC patients, and named tuberin 71 .
Clinical assessment indicated that sporadic patients with TSC1 mutations had, on average, a milder disease than did patients with TSC2 mutations. They had a lower frequency of seizures and moderate to severe mental retardation, fewer subependymal nodules and cortical tubers, less severe kidney involvement, no retinal hamartomas, and less severe facial angiofibroma 72 .
Both germline and somatic mutations in the TSC2 genes have been demonstrated in tumors derived from patients with TS. According to Knudson's two-hit hypothesis, this finding supports the view indicating that TSC genes act as tumor suppressors 73, 74 .
The search for mutations in TSC1 and TSC2 genes is only available on a research basis and performed in selected laboratories. About 50% of familial cases are due to a mutation in the TSC1 gene. Among the sporadic cases, TSC2 mutations are found in over a half of patients, whereas TSC1 mutations account for about 10%.
SCHIZENCEPHALY The malformation
Schizencephaly (cleft brain) consists of a unilateral or bilateral full thickness cleft of the cerebral hemispheres with consequent communication between the ventricle and pericerebral subarachnoid spaces. The walls of the clefts may be widely separated and thus be called open-lip schizencephaly ( Fig. 1(g) ), or closely adjacent and known as closed-lip schizencephaly ( Fig. 1(h) ). The clefts may be located anywhere in the hemispheres, but are most often found in the perisylvian region 75 . Bilateral clefts are usually symmetric in location, but not necessarily in size. Septooptic dysplasia (agenesis of the septum pellucidum and optic nerve hypoplasia) is observed in one third of patients 76 . Schizencephaly is a malformation which is difficult to classify. At the origin of this disorder could be regional absence of proliferation of neurons and glia. However, schizencephalic clefts are covered by polymicrogyric cortex and unilateral clefts are often accompanied by contralateral polymicrogyria, which could indicate a disorder of cortical organization 1, 6 .
The clinical and epileptic spectrum
Since schizencephaly has a wide spectrum of anatomic presentations, the associated clinical findings likewise cover a broad range. Patients with bilateral clefts, usually have microcephaly and severe developmental delay with spastic quadriparesis 75, 77 . Open lip clefts result in more severe impairment. Seizures, present in most patients, usually begin before 3 years of age. Unilateral clefts are accompanied by a much less severe clinical phenotype. Small, unilateral closed lip clefts may be discovered on MRI performed after the onset of seizures in otherwise normal individuals 75 . Epilepsy is estimated to occur in 81% of patients, in equal proportion with unilateral or bilateral clefts 77 . Early seizure onset and seizure intractability are more frequent when the malformation is bilateral. All reported patients had partial epilepsy, with no distinctive electroclinical patterns.
Genetic basis and genetic testing
Yakovlev and Wadsworth 78 proposed a pathogenetic theory based on local failure of induction of neuronal migration from the ventricular zone, which should occur at 30-60 days of gestation. Barkovich and Kjos 75 , held that ischemic damage occurring during early gestation (before the 25th week, as there are no signs of gliosis) could cause focal necrosis with destruction of the radial glial fibers and therefore abnormalities of neuronal migration such as unlayered polymicrogyria and gray matter heterotopia. Such causes would be exogenous, and occur with non-familial distribution. However, recent reports indicate that schizencephaly may have familial occurrence [79] [80] [81] , suggesting a possible genetic origin. A candidate gene approach led to identification of germline mutations in the homeobox gene EMX2 in some sporadic and familial cases 81, 82 . The mouse EMX2 gene is homologous to the Drosophila ems (empty spiracles) gene, which, when mutated, is responsible for developmental defect in fly-brain segmentation 83 . Similarly to the other homeotic genes, EMX2 is a transcription factor. It acts as a regulatory gene, and its mouse analog is specifically expressed in proliferating neuroblasts of the developing cerebral cortex 84 . The human EMX2 gene maps to chromosome 10q26.1. Heterozygous mutations in the EMX2 gene were reported in 13 patients with schizencephaly 85 . All mutations which have been described, including those observed in two brothers, were de novo, as they were not observed in their healthy parents. Severe mutations (frameshift or splicing mutations) were associated with severe bilateral schizencephaly, whereas missense mutations were associated with a milder cortical abnormality 85 . The molecular analysis relies on the sequencing of the coding region of the EMX2 gene, which can be performed in research laboratories. However, at present, there is no clear indication on the possible pattern of inheritance of schizencephaly (although mutations are assumed to be dominant) and on the practical usefulness that mutation detection in an individual with schizencephaly would carry in terms of genetic counselling.
POLYMICROGYRIA
The term polymicrogyria designates an excessive number of small and prominent convolutions spaced out by shallow and enlarged sulci, giving the cortical surface a lumpy aspect 3 . Although it may be difficult to recognise mild forms of polymicrogyria on MRI scan 86 , cortical infolding and secondary, irregular, thickening due to packing of microgyri represent quite distinctive MRI characteristics 6, 87 .
Microscopically two histological patterns of polymicrogyria are recognized. In unlayered polymicrogyria, the external molecular layer is continuous and does not follow the profile of the convolutions, and the underlying neurons have radial (or vertical) distribution but no laminar organization 88 . Its aspect suggests an early disruption of normal neuronal migration with subsequent disordered cortical organization. By contrast, fourlayered polymicrogyria is believed to result from perfusion failure, occurring between the 20th and 24th weeks of gestation. The two types of polymicrogyria may co-occur in contiguous cortical areas 89 , indicating that they may comprise a single spectrum.
Polymicrogyria may have a focal or regional distribution or involve the whole cortical mantle. There is consequently a wide spectrum of clinical manifestations which includes children with severe encephalopathies and intractable epilepsy or normal individuals with selective impairment of cognitive functions in whom the mild cortical abnormality is only detected on pathological brain study 90 .
Several malformation syndromes featuring bilateral polymicrogyria have been described, including bilateral perisylvian polymicrogyria 91 (Fig. 1(i) ), bilateral parasagittal parietooccipital polymicrogyria 92 , bilateral frontal polymicrogyria 93 and unilateral perisylvian or multilobar polymicrogyria 86 . Several distinct entities might exist with regional distribution in which contiguous, non-overlapping areas of the cerebral cortex are involved, possibly under the influence of regionally expressed developmental genes. Consistent familial recurrence has been reported only for bilateral perisylvian polymicrogyria 94 , which is sporadic in the great majority of patients. A genetic basis is also possible for unilateral polymicrogyria, at least in some cases 95 .
Bilateral perisylvian polymicrogyria
This malformation involves bilaterally the gray matter bordering the sylvian fissure, which is almost vertical and in continuity with the central or postcentral sulcus. Neuropathologic studies have been performed in four sporadic cases 91, 96, 97 . It is unclear whether these pathologically documented cases represent a single malformative spectrum with the same etiology or different malformations with the same topography.
Patients have facio-pharingo-glosso-masticatory diplegia 91, 98 with dysarthria. Most have mental retardation and epilepsy. Seizures usually begin between age 4 and 12 years and are poorly controlled in about 65% of patients. The most frequent seizure types are atypical absences, tonic or atonic drop attacks and tonic-clonic seizures, often occurring as Lennox-Gastaut-like syndromes 99 . A minority of patients (26%) have partial seizures.
Bilateral perisylvian polymicrogyria has been reported in children born from monochorionic biamniotic twin pregnancies which were complicated by twin-twin transfusion syndrome 100 .
Several families with multiple affected members have been reported, indicating genetic heterogeneity with possible autosomal recessive 94 , X-linked dominant 101 and X-linked recessive 102 inheritance.
Recently, four cases of polymicrogyria and deletion at 22q11.2 have been reported [103] [104] [105] . However, as several series of MRI scans of patients with 22q11.2 deletion did not show a brain abnormality 106 , perisylvian Polymicrogyria is probably a rare manifestation of the 22q11 deletion spectrum.
The possible association with 22q11.2 deletions, makes FISH chromosome analysis for 22q11.2 an essential investigation in all patients with perisylvian polymicrogyria. In view of the causal heterogeneity including the potential for recessive and X-linked inheritance, parents of an affected child should be given 25% recurrence risk. The possibility of an X-linked inheritance should be discussed in the case of a male offspring with a recurrence risk up to 50%.
